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ABSTRACT 
 Introduction: Orthopedic maxillary expansion, also commonly referred to as 
Rapid Maxillary Expansion (RME) is a widely used orthodontic technique for early 
treatment of skeletal transverse deficiencies1. Condylar changes in response to RME have 
been observed using a variety of imaging techniques such as tomograms2, magnetic 
resonance imaging3-4 and cone beam computerized tomography5. To this day, most of the 
studies have focused on changes in condylar position after RME but to best our 
knowledge, no study has examined the changes in condylar shape and volume in addition 
to position. 
Objectives: The aim of this retrospective cohort study is to determine the long term effect 
of Rapid Maxillary Expansion (RME) on condylar shape, volume and orientation as well 
as on mandibular rotation. 
Method:  Pre- and post-expansion cone beam computerized tomography (CBCT) images 
of forty-four healthy subjects (mean age=11.8±2.06) who previously had undergone 
banded RME were selected from a CBCT repository.  Due to extensive time range 
existing between the pre- and post-CBCTs (0.7-4.7y, average time = 2.4y ± 0.97), a 
stratified analysis was run to account for the subject’s growth. Two subgroups were 
created according to the Baccetti Cervical Maturation stage : a “growing” group (n=37, 
	  	   vii 
mean age=11.86y, diff CVM>1) and a “non-growing” group (n=7, mean age=11.73y, diff 
CVM<1). Linear, angular and volumetric changes as well as condylar surface area 
differences and changes in mandibular rotation were assessed on isolated 3D condyles 
using Mimics version 20.0 software (Materialise, Leuven, Belgium). The condyles were 
segmented by a plane passing through the sigmoid notch (Snp) and parallel to a Frankfort 
Horizontal derivative plane (FHD). Changes in mandibular rotation were evaluated by 
analyzing the alterations in the angle between mandibular plane and FHD plane before 
and after RME. Paired T test was performed to compare pre- and post- expansion for all 
variables stated above. Statistical significance was set at <0.05. 
Results: In the “growing” group, the right and left condylar heights and widths 
significantly increased by 0.61mm±1.19mm (p=0.0035), 0.80±1.26 (p=0.0005) and 
1.01mm±0.95mm (p<0.0001), 0.89±0.93 (p<0.0001) respectively. The right and left 
condylar volumes significantly increased by 117.7mm3±149.3mm3 (p<0.0001) and 
106.7mm3±133.5mm3 (p<0.0001), respectively. In the “non growing” group, the right 
condylar height and the right condylar width statistically increased by 1.56mm±1.65 and 
0.42mm±0.42 respectively. The right and left condylar volumes also increased by 
114.1mm3±104.3 and 141.5mm3±89.1 respectively. No statistically significant changes 
were found in condylar orientation and mandibular plane angle for either of the two sub-
groups. 
Conclusion: Right condylar height, width, and right and left volumes were significantly 
increased after rapid maxillary expansion. No statistically significant effect on condylar 
orientation and mandibular plane was found. Condylar growth still remains to be an 
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important co-founding factor which potentially affected the results of our study. A 
control group will be required to assess the effects of growth in our current findings to 
limit the effects of growth on our results.  
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INTRODUCTION 	  	   Orthopedic	   maxillary	   expansion,	   also	   commonly	   referred	   to	   as	   Rapid	  Maxillary	   Expansion	   (RME)	   is	   a	   widely	   used	   orthodontic	   technique	   for	   early	  treatment	  of	  skeletal	   transverse	  deficiencies1.	  Skeletal	   transverse	  deficiencies	  tend	  to	  develop	  in	  8	  to	  18%	  of	  the	  population.6	  Treatment	  efficacy	  of	  RME	  depends	  not	  only	   on	   the	   timing	   of	   fusion	   of	   the	   mid-­‐palatal	   suture	   but	   also	   on	   surrounding	  structures	  such	  as	  the	  zygomatic	  and	  sphenoid	  bones7.	  Rapid	  Maxillary	  Expansion	  is	  most	  efficient	  when	  used	   just	  before	  peak	  growth	   :	  prior	   to	  stage	  6	  of	   the	  Skeletal	  Maturation	  Index	  (SMI)8	  or	  from	  Cervical	  Vertebral	  Maturation	  stages	  (CVM)	  1	  to	  39.	  	  The	   overall	   effects	   of	   rapid	   maxillary	   expansion	   have	   been	   observed	   not	   only	  skeletally	   on	   the	   maxilla,	   mid-­‐palatal	   and	   circumaxillary	   sutures	   and	   on	   the	  mandible,	  but	  also	  dentally,	  on	  the	  maxillary	  and	  mandibular	  teeth	  as	  well	  as	  on	  the	  nasal	  and	  pharyngeal	  airway.	  7-­‐10	  To	   date,	   numerous	   studies	   have	   been	   conducted	   to	   evaluate	   the	  mandibular	   and	  temporomandibular	   response	   to	   Rapid	   Maxillary	   Expansion	   by	   employing	   2	  dimensional	   (2D)	   images	   as	   principal	   diagnostic	   tool.2,11,12	  With	   the	   technological	  advancements	  of	  the	  21st	  century	  and	  the	  progressive	  integration	  of	  3	  dimensional	  (3D)	   diagnostic	   imaging	   in	   orthodontics,	   recent	   studies	   have	   been	   able	   to	  investigate	  the	  changes	  in	  mandible	  and	  temporomandibular	  joints	  after	  RME	  in	  3-­‐dimensions.3-­‐4-­‐13	   Significant	   backwards	   and	   downwards	   displacement	   of	   the	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mandible	  and	  mandibular	  plane	  angle	  takes	  place	  immediately	  after	  treatment	  with	  RME.14	  Consequently,	  a	  significant	  anterior	  and	  inferior	  movement	  of	  the	  condyles	  is	  reported15	  inducing	  an	  increase	  in	  the	  superior	  articular	  space	  of	  the	  glenoid	  fossa16.	  However,	   those	  changes	  are	   transient	  and	  condyles	  returns	   to	   their	  pre-­‐treatment	  condyle-­‐fossa	  relationship	  in	  the	  long	  term5	  (>6	  months	  after	  RME	  removal).	  	  The	  aim	  of	  our	  retrospective	  cohort	  study	  is	  therefore	  not	  only	  to	  evaluate	  long	  term	  changes	  (>6	  months)	  in	  condylar	  position	  after	  RME	  but	  also	  to	  use	  the	  tools	  offered	  by	  3D	  digital	  imaging	  to	  determine	  changes	  in	  condylar	  shape,	  volume,	  surface	  and	  orientation	   as	   well	   as	   mandibular	   rotation	   before	   and	   after	   Rapid	   Maxillary	  Expansion.	   Our	   null	   hypothesis	   is	   that	   no	   meaningful	   differences	   exist	   between	  condylar	   volume,	   shape,	   height,	   width	   and	   orientation	   before	   and	   after	   rapid	  maxillary	   expansion	   and	   that	   no	   statistically	   significant	   differences	   exist	   between	  pre-­‐	  and	  post-­‐expansion	  mandibular	  plane	  angles.	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LITERATURE REVIEW 
 Orthopedic	   maxillary	   expansion,	   also	   commonly	   referred	   to	   as	   Rapid	  Maxillary	   Expansion	   (RME)	   is	   a	   widely	   used	   orthodontic	   technique	   for	   early	  treatment	  of	   skeletal	   transverse	  deficiencies1.	   	   Skeletal	   transverse	  deficiencies	   are	  common6	  and	  depend	  greatly	  on	  the	  resistance	  at	  the	  level	  of	  the	  nasal,	  zygomatic	  and	   pterygoid	   buttresses7.	   To	   this	   day,	  most	   of	   Rapid	  Maxillary	   Expansion	   effects	  have	  been	  studied	  through	  two-­‐dimensional	  images	  and	  little	  to	  no	  research	  has	  yet	  been	   done	   using	   three-­‐dimensional	   tools.	   This	   explains	  why	   very	   few	   evidence	   in	  the	  literature	  can	  be	  found	  assessing	  the	  3D	  effects	  of	  RME	  on	  the	  mandible	  and	  the	  temporomandibular	  joint.	  	  In	  1996,	  Velasquez	  et	  al.,11	  analyzed	  2D	  lateral	  cephalograms	  taken	  before	  and	  after	  RME	  on	  a	  total	  of	  30	  patient.	  Long	  term	  results	  (mean	  treatment	  time	  was	  3.1	  years)	  found	  no	  statistically	  significant	  mandibular	  changes	  after	  expansion	  other	  than	  the	  ones	   expected	   from	  growth.	   In	   2011,	  Baratieri	   et	  Al14	   used	  3D	   imaging	   to	   further	  investigate	   the	   changes	   in	   mandibular	   position	   after	   RME.	   Using	   a	   sample	   of	   17	  Class	   II	   division	   1	   Brazilian	   subjects,	   they	   found	   an	   immediate	   downward	   and	  backward	  shift	  of	  Menton	  of	  1.90mm	  and	  1.50mm	  respectively.	  However,	  6	  months	  after	   retention	   phase,	   they	   recorded	   a	   2.29mm	   forward	   movement	   of	   Menton,	  suggesting	   that	   on	   the	   long	   term,	   the	   mandible	   remains	   in	   a	   more	   downward	  position	   than	   initially.	   These	   findings	   were	   confirmed	   by	   a	   meta-­‐analysis	   run	   by	  Lagravère	   et	  Al17	   in	   2006	  which	   concluded	   that	  most	   skeletal	   and	  dental	   changes	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occurring	   after	   RME	   were	   of	   transverse	   origin	   and	   that	   only	   a	   “few	   vertical	   and	  antero-­‐posterior	   immediate	   changes	   were	   statistically	   significant,	   though	   […]	  probably	  not	  clinically	  important”.	  Therefore,	   considering	  Velasquez	  et	  Al’s11	   two-­‐dimensional	   study	  and	  Baratieri’s14	  limited	   Class	   II	   division	   1	   sample,	   we	   believe	   that	   further	   three-­‐dimensional	  evaluation	  of	  long	  term	  mandibular	  changes	  after	  RME	  would	  give	  a	  better	  insight	  to	  the	  question.	  We	   investigated	   studies	   focusing	   on	   condylar	   changes	   after	   functional	   posterior	  crossbite	  correction	  through	  Rapid	  Maxillary	  Expansion.	  	  Hesse	  et	  Al2	  in	  1997	  conducted	  a	  prospective	  study	  featuring	  61	  subjects	  who	  were	  treated	  by	  slow	  expansion	  either	  with	  Quadhelix’	  or	  Haas	  expanders.	  Study	  models	  and	  22	  pre-­‐	   and	  post-­‐expansion	   temporomandibular	   joint	   (TMJ)	   tomograms	  were	  evaluated.	   Contralateral	   differences	   in	   condylar	   position	   and	   joint	   spaces	   were	  noted	  on	  the	  3	  month	  post-­‐expansion	  tomograms	  with	  an	   increase	   in	  the	  superior	  joint	  space	  on	   the	  crossbite	  side	  and	  a	  decrease	   in	   the	  superior	   joint	  space	  on	   the	  non-­‐crossbite	   side.	   However,	   no	   specifications	   were	   given	   as	   to	   what	   was	  considered	   a	   slow	   expansion	   using	   a	   Haas	   appliance.	   Although	   the	   results	   of	   this	  particular	   study	   aren’t	   directly	   comparable	   to	   ours	   because	   it	   does	   not	   assess	  changes	   after	   rapid	   maxillary	   expansion,	   it	   is	   one	   of	   the	   few	   studies	   to	   evaluate	  temporomandibular	  changes	  after	  expansion	  in	  2D.	  Leonardi	   et	   Al16	   performed	   a	   prospective	   study	   evaluating	   the	   condyle-­‐fossa	  relationship	  after	  RME	  while	  quantifying	  the	  changes	  in	  condylar	  symmetry	  before	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and	   immediately	  after	   treatment.	  Thirty	  nine	  subjects	  were	  divided	   into	  2	  groups:	  one	  group	  receiving	  a	  Hyrax	  expander	  and	  a	  control	  group	  which	  was	  not	  subjected	  to	  expansion.	  They	  concluded	  that	  although	  all	  3	  joint	  spaces	  increased	  immediately	  post-­‐expansion,	  only	  the	  superior	  joint	  space	  was	  significantly	  increased	  by	  2.6	  mm	  on	  average.	  However,	  no	  information	  was	  given	  as	  to	  the	  long	  term	  validity	  of	  these	  results.	  	  In	  2014,	  Melgaço	  et	  Al15	  conducted	  a	  similar	  study	  including	  34	  Class	  I	  subjects	  with	  transverse	  deficiencies,	  half	  of	  which	  were	  treated	  with	  Hyrax’	  whilst	  the	  other	  half	  was	   treated	   with	   Haas	   appliances.	   Cone	   Beam	   Computed	   Tomography	   (CBCT)	  images	   were	   taken	   before	   and	   3	   weeks	   after	   expansion.	   Statistically	   significant	  immediate	  alterations	  in	  condylar	  position	  were	  noted	  after	  RME	  corresponding	  to	  0.52	  mm	  anterior	  and	  a	  0.49	  mm	  inferior	  condylar	  displacement.	  However,	  just	  as	  in	  Leonardi	   et	   Al’s16	   study,	   no	   information	  was	   given	   as	   to	   the	   long	   term	   validity	   of	  these	  results.	  	  McLeod	  et	  Al5	  in	  2016	  published	  an	  article	  in	  which	  they	  evaluated	  37	  subjects,	  half	  of	  which	  were	  controls	  and	  half	  of	  which	  were	  expanded	  using	  a	  Hyrax	  appliance.	  Short	   term	   (<6	   months)	   CBCTs	   revealed	   no	   statistically	   significant	   condylar	  positional	  changes	  with	  respect	  to	  the	  glenoid	  fossa	  when	  comparing	  treated	  to	  non-­‐treated	   group.	  Moreover,	   even	   though	   their	   research	  was	   done	   using	   3D	   imaging,	  their	  measurements	  and	  analyses	  were	  run	  in	  2D.	  They	  stated	  that	   further	  studies	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using	   3D	   imaging	   and	   volumetric	   reconstructions	   of	   the	   condyles	   might	   be	  necessary	  to	  enhance	  accuracy	  in	  this	  field.	  	  Finally,	  to	  this	  day,	  very	  few	  research	  has	  been	  conducted	  to	  explore	  condylar	  shape	  changes	   after	   RME.	   In	   2016,	   Ikeda	   et	   Al18	   published	   a	   novel	   study	   using	   a	   3-­‐dimensional	  analysis	  to	  evaluate	  temporomandibular	  joint	  space	  and	  shape.	  One	  of	  their	  aims	  was	   to	  determine	   the	   range	  of	   shape	  variability	  on	  untreated	  condyles.	  They	  showed	  that	  by	  using	  Checkpoint,	  Stratovan	  (David,	  California)	  software,	   the	  “minimum	  number	  of	   landmarks	   (patch	  density)	  needed	   to	   capture	   the	  maximum	  range	  of	  shape	  variation	  was	  9x9”	  ;	  even	  though	  “11x11	  provided	  even	  more	  detail	  in	   subtle	   changes	   in	   the	   condylar	  head.”	  This	   lead	  us	   to	  decide	   to	  use	  Checkpoint,	  Stratovan	   (Davis,	   California)	   software	   to	   conduct	   the	   shape	   analysis	   part	   of	   our	  study.	  	  Having	   explored	   the	   existing	   literature,	   we	   have	   concluded	   that	   most	   previously	  published	   studies	   examined	   immediate	   or	   short	   term	   (<6	   months)	   changes	   in	  condylar	   position	   and	   condyle/fossa	   relationship	   before	   and	   after	   RME.	  Furthermore,	  some	  of	  these	  papers	  have	  looked	  at	  specific	  sub-­‐groups	  of	  population	  with	   a	   certain	  malocclusion15-­‐16	  which	  may	  not	   be	   representative	   of	   the	   effects	   of	  Rapid	  Maxillary	   Expansion	   on	   the	   orthodontic	   population.	   Finally,	   two	   studies12-­‐2	  used	  2D	   imaging	   as	   their	  principal	  diagnostic	   tool	  which	  was	  proved	  not	   to	  be	   as	  accurate	  as	  3D	  digital	  imaging19-­‐20-­‐21.	  Therefore,	  our	  study	  will	  not	  only	  look	  at	  long	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term	  (>6months)	  three-­‐dimensional	  changes	  in	  condylar	  shape,	  volume,	  surface	  and	  orientation	   before	   and	   after	   Rapid	  Maxillary	   Expansion	   but	   they	  will	   also	   seek	   to	  identify	  any	  mandibular	  rotational	  changes	  after	  RME.	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METHODOLOGY 	   Our	   retrospective	  cross-­‐sectional	   cohort	   study	  was	  conducted	  using	  an	   IRB	  (Protocol	  Number:	  H-­‐34835)	  previously	  approved	  CBCT	  repository	  (H-­‐32515)	  that	  included	  images	  taken	  before	  and	  after	  Rapid	  Maxillary	  Expansion.	  To	  determine	  the	  required	  sample	  size,	  a	  pilot	  study	  was	  conducted	  using	  twenty-­‐two	   CBCT	   images	   (i-­‐CAT,	   Imaging	   Sciences	   International,	   Hatfield,	   PA,	   USA)	  according	  to	  a	  standard	  protocol	  (120	  kV,	  5	  mA,	  FOV	  17x23	  cm,	  voxel	  size	  0.3mm,	  exposure	  time	  7s).	  Based	  on	  80%	  power,	  0.05	  alpha	  error	  and	  a	  mean	  difference	  of	  48.06	   mm3	   (SD=110.1	   mm3)	   between	   pretreatment	   and	   post-­‐treatment	   volume	  change	  (i.e.,	  main	  outcome)	  the	  estimated	  sample	  needed	  was	  forty-­‐four	  subjects.	  Forty-­‐four	   subjects	   aged	   7	   to	   16	   years	   of	   age	   (mean	   age	   11.8±2.06)	   who	   had	  undergone	   RME	   with	   a	   two-­‐banded	   Hyrax	   appliance	   and	   had	   pre-­‐	   and	   post-­‐expansion	   CBCT	   images	   available	   were	   included	   in	   the	   study.	   	   Among	   our	   44	  subjects,	   10	   of	   them	   presented	   a	   right	   posterior	   crossbite,	   4	   presented	   a	   left	  posterior	  crossbite,	  3	  presented	  bilateral	  crossbites	  and	  27	  presented	  no	  crossbite	  before	   starting	   treatment.	  The	   expansion	  protocol	  was	  pre-­‐set	   as	  one	   activation	   a	  day	  (0.25	  mm	  per	  turn,	  0.25	  daily)	  until	  the	  palatal	  cusps	  of	  the	  upper	  molars	  were	  in	   contact	   with	   the	   buccal	   cusps	   of	   the	   lower	   molars.	   Mean	   amount	   of	   skeletal	  expansion	   performed	   was	   2.62mm±1.65	   and	   was	   determined	   by	   calculating	   the	  difference	   in	  distances	  between	  the	  medial	  wall	  of	   the	  greater	  palatal	   foramina	  on	  pre-­‐	  and	  post-­‐CBCTs.	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Exclusion	   criteria	   included	   absence	   of	   active	   lesions	   or	   erosions	   on	   the	   condyles	  and/or	  glenoid	  fossa,	  periodontal	  disease	  and/or	  carious	  lesions,	  anterior	  crossbite,	  and	  noticeable	  facial	  asymmetries.	  In	  total,	  we	  reported	  14	  subjects	  to	  have	  pre-­‐	  and	  post	  CBCTs	  taken	  within	  6	  months	  to	  2	  years	  apart	   (<2yrs)	  and	  30	  subjects	   to	  have	  pre-­‐	  and	  post	  CBCTs	   taken	  more	  than	  2	  years	  apart	  (≥	  2yrs). The	  extensive	  time	  range	  existing	  between	  our	  sample’s	  pre-­‐	  and	  post-­‐CBCTs	  (0.7	  –	  4.7	  years,	  average	  time=	  2.4y	  ±	  0.97)	  lead	  us	  to	  question	  the	  potential	  co-­‐founding	  effect	  of	  growth	  on	  our	  findings.	  We	  therefore	  decided	  to	  account	  for	  subject’s	  growth	  by	  running	  stratified	  analyses.	  	  Out	  of	  the	  overall	  44	  subjects	  that	  comprised	  our	  initial	  sample,	  we	  established	  only	  7	   to	   be	   at	   a	   stable	  CVM	   stage22.	   These	  were	  determined	  on	   sagittal	   cephalograms	  exported	   from	   the	   CBCT	   as	   subjects	   whose	   difference	   in	   CVM	   stage	   was	   <1	   and	  therefore	  who’s	  CVM	  stayed	   stable	   (ex:	   1	   to	  1,	   2	   to	  2,	   etc).	  We	  decided	   to	   further	  classify	   these	   7	   subjects	   as	   a	   “non-­‐growing”	   group	   -­‐	   keeping	   in	   mind	   that	  realistically	   all	   subjects	   grow	   even	   if	   their	   Cervical	   Vertebral	   Maturation	   Index	  difference <1. 	  Subject’s	   mandibles	   and	   condyles	   were	   isolated	   in	   3D	   using	   Mimics	   version	   20.0	  software	  (Materialise,	  Leuven,	  Belgium).	  	  The	   first	   step	   to	   the	   3D	   isolation	   consisted	   of	   “thresholding”	   our	   project	   to	   a	  predefined	  “Bone	  (CT)”	  threshold	  (between	  226	  HU	  -­‐	  3071	  HU).	  We	  created	  a	  first	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(green)	  “skull”	  mask	  by	  using	  the	  “region	  growing”	  tab.	  This	  mask	   included	  all	   the	  bony	  structures	  of	  the	  skull	  as	  well	  as	  the	  cervical	  vertebras.	  	  We	  then	  duplicated	  the	  existing	  mask	  in	  order	  to	  extrapolate	  the	  mandible	  from	  the	  rest	   of	   the	   cranial	   structures.	   To	   extrapolate,	   we	   used	   the	   “Multiple	   Slice	   Edit”	  feature	  and	  we	  gradually	  started	  isolating	  the	  mandible	  from	  the	  rest	  of	  the	  skull	  in	  all	   three	  dimensions	   (sagittal,	   frontal,	   axial).	  We	  used	   the	   “Remove”	   tool	   from	   the	  “Multiple	  Slice	  Edit”	  tab	  (set	  a	  10mm	  diameter	  ellipse)	  to	  remove	  any	  existing	  pixel	  contact	  between	  the	  maxillary	  and	  mandibular	  teeth,	  as	  well	  as	  any	  contact	  between	  the	  right	  and	  left	  condyles	  and	  their	  glenoid	  fossa.	  Once	  all	  the	  pixels	  connecting	  the	  mandible	   to	   adjacent	   bony/dental	   structures	   were	   erased,	   a	   separate	   mask	   for	  mandible	  was	  created.	  	  Our	  next	  step	  was	  to	  isolate	  both	  condyles	  from	  the	  previously	  created	  mandibular	  mask.	  In	  order	  to	  do	  so,	  we	  duplicated	  the	  existing	  mandibular	  mask	  twice	  and	  used	  the	  “Crop	  Mask”	  feature	  to	  further	  separate	  the	  condyles.	  We	  made	  sure	  to	  include	  the	  right	  condylar	  head	  and	  neck	  down	  to	  a	  little	  lower	  than	  the	  right	  sigmoid	  notch.	  We	   followed	   the	   same	   approach	   for	   the	   left	   condyle	   using	   the	   second	   duplicated	  mandibular	  mask.	  	  Once	  we	  were	  set	  on	  the	  condylar	  masks,	  we	  used	  the	  “Multiple	  Slice	  Edit”	  tool	  to	  fill	  in	   areas	   that	  were	   not	   detected	  with	   the	   original	   “Bone	   (CT)”	   threshold.	   In	   some	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instances,	  we	   reduced	  minimum	  “Multiple	   Slice	  Edit”	   threshold	  down	   to	  50	  HU	   in	  order	  to	  detect	  more	  pixels	  on	  the	  each	  of	  our	  condylar	  masks.	  We	  gradually	  added	  the	  missing	  condylar	  pixels	  using	  the	  “Threshold”	  option.	  We	  repeated	  this	  method	  in	  all	  three	  planes	  of	  space	  (sagittal,	  coronal	  and	  axial	  planes)	  and	  checked	  that	  the	  condylar	  pixels	  were	  rightfully	  filled	  on	  each	  slices	  in	  3	  dimensions.	  	  Furthermore,	  we	  used	   the	   “Remove”	   tool	   (with	   the	   “Auto-­‐interpolate”	   function)	   to	  delete	   artifacts	   and	   “clean”	   the	   outside	   surface	   around	   both	   condyles.	  When	   both	  condyles	  were	  fully	  edited	  and	  corrected,	  we	  created	  high	  resolution	  3D	  objects	  of	  each	   condyles.	   We	   then	   generated	   the	   same	   3D	   images	   for	   the	   skull	   and	   the	  mandible.	  	  By	   this	   stage,	  we	  had	  created	  a	   total	  of	   four	  masks:	  1)	   skull,	  2)	  mandible,	  3)	   right	  condyle,	  4)	  left	  condyle,	  as	  well	  as	  a	  total	  of	  four	  3D	  objects:	  1)	  skull,	  2)	  mandible	  3)	  right	  condyle,	  4)	  left	  condyle.	  	  Our	   next	   step	   was	   to	   establish	   the	   analysis	   that	   would	   help	   us	   evaluate	   various	  linear,	   angular	   and	   volumetric	   changes	   occurring	  with	   rapid	  maxillary	   expansion.	  The	   landmarks	   used	   for	   analysis	   are	   listed	   in	  Table	   1.	   The	   exact	   location	   of	   the	  points	  was	  verified	  on	  all	  2D	  sagittal,	  coronal	  and	  axial	  slices.	  	  	   Landmarks	   Descriptions	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RInfCan	   superior	  point	  of	  the	  right	  infraorbital	  canal	  
LInfCan	   superior	  point	  of	  the	  left	  infraorbital	  canal	  
RZygSut	   inferior	   point	   of	   the	   right	   zygomatico-­‐temporal	  suture	  RSn	   most	  inferior	  point	  on	  the	  right	  sigmoid	  notch	  LSn	   most	  inferior	  point	  on	  the	  left	  sigmoid	  notch	  
RLing	   right	  mandibular	  lingula	  
LLing	   left	  mandibular	  lingula	  
GTub	   most	  convex	  point	  on	  the	  genial	  tubercle	  
RCoLat	   most	  lateral	  point	  of	  the	  right	  condyle	  
RCoMed	   most	  medial	  point	  of	  the	  right	  condyle	  
RCoSup	   most	  superior	  point	  of	  the	  right	  condyle	  
RCCo	   right	  condylar	  mid-­‐point	  	  
LCoLat	   most	  lateral	  point	  of	  the	  left	  condyle	  
LCoMed	   most	  medial	  point	  of	  the	  left	  condyle	  
LCoSup	   most	  superior	  point	  of	  the	  left	  condyle	  
LCCo	   left	  condylar	  midpoint	  
Table	  1:	  Summary	  of	  landmarks	  featured	  in	  our	  analysis	  	  Once	  the	  points	  were	  placed	  on	  the	  high-­‐resolution	  3D	  models,	  the	  following	  planes	  were	  created	  (see	  Image	  1-­‐4):	  -­‐ Mandibular	  Plane	  derivative	  (MPder)	  :	  plane	  passing	  through	  the	  tip	  of	  the	  right	  and	  left	  mandibular	  lingulas	  and	  the	  genial	  tubercle.	  -­‐ Frankfort	   Horizontal	   derivative	   (FHder):	   plane	   passing	   through	   the	   most	  superior	  point	  of	  the	  right	  and	  left	  infraorbital	  canals	  and	  the	  most	  inferior	  point	  of	  the	  right	  zygomatico-­‐temporal	  suture.	  -­‐ Right	  Sigmoid	  Notch	  plane	  (RSNp):	  plane	  parallel	  to	  FHder	  and	  passing	  through	  the	  right	  sigmoid	  notch	  point.	  We	  set	  this	  plane	  to	  0mm	  thickness	  so	  it	  would	  not	  interfere	  with	  the	  volumetric	  values	  which	  would	  be	  evaluated	  later.	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-­‐ Left	   Sigmoid	  Notch	  plane	   (LSNp):	  plane	  parallel	   to	  FHder	  and	  passing	   through	  the	  left	  sigmoid	  notch	  point.	  We	  set	  this	  plane	  to	  0mm	  thickness	  so	  it	  would	  not	  interfere	  with	  the	  volumetric	  values	  which	  would	  be	  evaluated	  later.	  
 
 
  	     
Image  1 : MP derivative (MPder)    Image 2 : FH derivative (FHder) 
	       	  
Image	  3:	  Right	  Sigmoid	  Plane	  (RSNp)	   	   	   Image	  4:	  Left	  Sigmoid	  Notch	  plane	  (LSNp)	  	  From	  those	  points	  and	  planes,	  a	   few	  variables	  could	  already	  be	  determined.	  These	  variables	  constituted	  the	  first	  part	  of	  or	  study	  and	  are	  featured	  in	  Table	  2.	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Condylar	  height	   distance	   (mm)	   between	   the	   sigmoid	   notch	   plane	   (SNp)	   and	   a	  plane	  tangent	  to	  the	  most	  superior	  point	  of	  the	  condyle	  (CoSup)	  and	  parallel	  to	  the	  sigmoid	  notch	  plane	  (SNp)	  
Condylar	  width	   distance	  (mm)	  between	  the	  most	  medial	  and	  most	  lateral	  points	  on	  the	  condyle	  (CoMed-­‐CoLat)	  
Condylar	  volume	   condylar	  volume	  in	  mm3	  above	  the	  sigmoid	  notch	  plane	  (SNp)	  
Condylar	  surface	   condylar	  surface	  in	  mm2	  above	  the	  sigmoid	  notch	  plane	  (SNp)	  
Table	  2:	  Condylar	  variables	  
     	  	  To	  determine	   the	  changes	   in	  condylar	  volume	  and	  surface,	  we	  duplicated	  both	  3D	  condylar	   images	  and	  “cut	  with	  polyplane”	  along	  the	  Sigmoid	  Notch	  plane.	  We	  then	  “split”	  along	  that	  polyplane	  and	  obtained	  an	  isolated	  portion	  of	  the	  condylar	  heads	  and	  necks.	  We	  proceeded	  by	  replicating	  the	  same	  method	  for	  both	  the	  right	  and	  the	  left	  condyles.	  The	  condylar	  volumetric	  data	  (in	  mm3)	  and	  the	  condylar	  surface	  data	  (in	  mm2)	  we	  extrapolated	  from	  the	  “I”	  tab	  for	  both	  the	  right	  and	  the	  left	  condyles.	  	  
Image	   5:	   Condylar	  height,	   volume	  and	  surface	  
shown	  above	  the	  right	  SNp	  (light	  purple)	  	  	   Image	  6:	  Left	  Condylar	  width	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Changes	  in	  condylar	  angulation	  were	  determined	  by	  creating	  three	  Condylar	  Orientation	  Planes	  (COP)	  passing	  through	  a	  midpoint	  (CCo)	  between	  the	  medial	  and	  lateral	  poles.	  Angular	  measurements	  between	  COP	  and	  FHder	  determined	  the	  changes	  in	  condylar	  orientation	  in	  3D.	  	  	  All	  three	  COPs	  can	  be	  described	  as	  follows	  (Image	  7):	  	  -­‐ Condylar	   Coronal	   plane	   (CCp):	   plane	  perpendicular	   to	   MPder	   and	   passing	  through	  Cco.	  	  -­‐ Condylar	   Horizontal	   plane	   (CHp):	   plane	  parallel	  to	  MPder	  and	  passing	  through	  the	  Cco.	  -­‐ Condylar	   Midsagittal	   plane	   (CMp):	   plane	  perpendicular	   to	   Condylar	   Coronal	   plane	  and	   Condylar	   horizontal	   plane	   and	  passing	  through	  CCo.	  	  CCo	   (center	   of	   the	   condyle)	   had	   to	   be	   constructed	   on	   both	   the	   right	   and	   the	   left	  condyles	  (corresponding	  to	  RCco	  and	  LCco	  respectively).	  	  	  To	  do	  so,	  we	  “copied	  and	  pasted”	  the	  most	  lateral	  and	  the	  most	  medial	  points	  of	  each	  condyle	  into	  “3-­‐Matic	  Research	  12.0”.	  Once	  the	  two	  points	  were	  pasted,	  we	  created	  a	  
	  Image	   7:	   Three	   Condylar	   Orientation	  
Planes	  (COP)	  passing	  through	  the	  center	  
of	  the	  condyle	  (CCo)	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new	  “datum	  planum”	  and	  clicked	  on	  “point	  1”	  followed	  by	  “point	  2”.	  We	  opened	  the	  tool	  bar,	  clicked	  on	  “create	  a	  point”	  and	  selected	  “origin”.	  The	  midpoint	  between	  our	  two	  original	  points	  appeared	  as	  a	  blue	  dot	  on	  the	  screen.	  We	  renamed	  the	  dots	  as	  either	  RCCo	  for	  the	  right	  condylar	  midpoint	  or	  LCCo	  as	  the	  left	  condylar	  midpoint,	  and	  pasted	  it	  back	  into	  Mimics.	  Once	  we	  pasted	  the	  midpoints	  back	  into	  Mimics,	  we	  opened	  our	  analysis	  again	  and	  placed	  the	  Cco’s	  from	  our	  analysis	  onto	  the	  midpoints	  determined	  from	  “3-­‐Matic”.	  At	  this	  stage,	  we	  were	  now	  able	  to	  view	  the	  angular	  measurements	  between	  the	  three	  Condylar	   Orientation	   Planes	   to	   FHder	   plane.	   The	   changes	   in	   condylar	   angulation	  was	  determined	  as	  being	  the	  pre-­‐	  and	  post-­‐	  expansion	  angular	  differences	  between	  all	  three	  planes.	  They	  appeared	  as	  angular	  values	  under	  the	  information	  “I”	  tool	  of	  our	  analysis.	  
  	  We	   later	   decided	   to	   generate	   a	   3D	   condylar	   shape	   analysis.	   Considering	   the	  extensive	   time	   lapse	   existing	   between	   the	   growing	   group’s	   pre-­‐	   and	   post-­‐	   CBCTs	  (31.28	  months±11.51)	   and	   growth	   acting	   as	   a	   potential	   co-­‐founding	   factor	   to	   our	  findings	  ;	  we	  decided	  to	  only	  incorporate	  fourteen	  subjects	  into	  our	  shape	  analysis	  (diff	  CVM⩽1,	  mean	  age	  11.73	  years±2.69,	  average	  time	  range	  between	  pre-­‐and	  post-­‐CBCTs	   20.8±10.3).	   	   Those	   represented	   seven	   subjects	   from	   our	   “non	   growing”	  sample	   as	   well	   as	   seven	   subjects	   who’s	   difference	   in	   CVM=1.	   The	   seven	   subjects	  who’s	  CVM=1	  were	  subjects	  who’s	  CVM	  either	  changed	  from	  stage	  1	  to	  2	  or	  4	  to	  5	  -­‐	  theoretically	  suggesting	  the	  pre-­‐	  and	  post-­‐CBCTs	  were	  either	  taken	  before	  or	  after	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peak	   growth.	   We	   conducted	   the	   analysis	   by	   using	   Checkpoint	   (Stratovan,	   Davis,	  California)	  software	  after	  converting	  our	  .mcs	  files	  to	  optimal	  resolution.	  ASCII	  STL	  images.	  	  
 A	   three-­‐dimensional	   STL	   image	   of	   a	   pre-­‐isolated	   condyle	   appeared	   on	   the	   screen	  and	   a	   3x3	   grid	   was	   created	   and	   placed	   around	   it.	   We	   positioned	   the	   5	   semi-­‐landmark	   arrows	   around	   the	   condyles:	   one	   on	   the	  most	  medial,	   one	   on	   the	  most	  lateral,	  one	  on	  the	  most	  mesial	  and	  one	  on	  the	  most	  distal	  pole	  of	  the	  condyle.	  The	  fifth	   arrow	   was	   displaced	   to	   most	   superior	   point	   of	   the	   condylar	   head.	   We	   then	  selected	   “patches”	   in	   the	   “landmark	   information”	   tab	   and	   changed	   the	   semi-­‐landmark	   density	   to	   17	   on	   both	   the	   X	   and	   Y	   axis.	   A	   yellow	   grid	   appeared	   on	   the	  screen	   covering	   the	   entire	   condylar	   head	   up	   to	   the	   area	   delimited	   by	   the	  mesial,	  lateral,	  distal	  and	  medial	  points.	  	  The	   pre-­‐	   and	   post-­‐treatment	   3D	   coordinates	   were	   exported	   into	   Excel	   and	   later	  imported	  into	  MorphoJ,	  v.1.06d	  for	  geometric	  morphometric	  analysis.	  The	   shape	   analyses	   performed	   were	   Generalized	   Procrusted	   Analysis,	   Principal	  Component	  Analysis	  (PCA)	  and	  Canonical	  Variate	  Analysis	  (CVA)	  and	  a	  Discriminant	  Function	  Analysis	  (DFA).	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RESULTS 
 We	  categorized	  our	  sample	  into	  three	  groups.	  	  The	  first	  was	  the	  overall	  44	  subject	  sample	  (27	  females,	  17	  males	   ;	  mean	  age	  11.8	  y±2.06	   ;	   mean	   palatal	   expansion	   2.62mm±1.65	   ;	   average	   time	   between	   pre-­‐and	  post-­‐CBCTs	  29.6	  months±11.8).	  The	  second	  was	  defined	  as	  the	  “growing”	  group	  (=difference	  in	  CVM>1)	  and	  was	  comprised	  of	  37	  subjects	  (24	  females,	  13	  males	  ;	  mean	  age	  11.86	  y±1.97	  ;	  mean	  palatal	  expansion	  2.64±1.67;	  average	  time	  between	  pre-­‐and	  post-­‐CBCTs	  31.28	  months±11.51).	   Finally,	   the	   third	  was	  defined	  as	   the	   “non	  growing”	  group	   (=difference	   in	  CVM<1)	  and	  was	  comprised	  of	  7	  subjects	  (3	  females,	  4	  males	  ;	  mean	  age	  11.73	  y±2.69;	  mean	  palatal	  expansion	  2.50±1.67;	  average	  time	  between	  pre-­‐and	  post-­‐CBCTs	  20.8±10.3).	  	  	  T-­‐test	  was	  utilized	  on	  all	  three	  groups	  to	  compare	  pre-­‐	  and	  post-­‐expansion	  linear,	  angular	   and	  volumetric	   values	  by	  using	  SAS	  9.4	   software	   (SAS	   Institute	   Inc.,	   Cary,	  NC).	   Student	   T-­‐test	   was	   performed	   to	   compare	   the	   mean	   difference	   of	   change	  between	  the	  growing	  and	  the	  “non	  growing”	  group.	  Statistical	  significance	  was	  set	  at	  <0.05.	   	   	  Non	  parametric	   analyses	  was	  needed	   to	  evaluate	   the	  differences	  between	  the	  «	  growing	  »	  and	  «	  non	  growing	  »	  groups.	  To	  do	  so,	  we	  used	  the	  Shapiro-­‐Wilk	  and	  Kolmogorov-­‐Smirnov	  tests	  which	  confirmed	  that	  our	  data	  does	  not	  follow	  a	  normal	  distribution.	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  Results	   from	   the	   overall	   sample	   (n=44)	   showed	   an	   increase	   in	   right	   and	   left	  condylar	  height	  (0.76mm±1.3,	  p=0,0003;	  0.85mm±1.3,	  p<0.0001	  respectively),	  width	  (0.92mm,±0.91,	   p<0.0001;	   0.81mm±0.9,	   p<0.0001	   respectively),	   volume	  (117.2mm3±142.0,	  p<0.0001;	  112.2mm3±127.2,	  p<0.0001	  respectively)	   	  and	  surface	  (25.85mm2±66.86,	   p=0.01,	   22.44mm2±69.47,	   p=0.02)	   after	   rapid	   maxillary	  expansion.	  	  No	  changes	  in	  condylar	  angulation	  and	  mandibular	  rotation	  were	  found.	  (Table	  3)	  
 
	  
T1	  mean	   T1	  SD	   T2	  mean	   T2	  SD	   T2-­‐T1	   SD	   p	  value	  
Mandibular	  plane	  (MPder)	   42,09	   5,73	   42,04	   6,35	   -­‐0,05	   2,72	   0,9	  
Right	  height	   14,72	   2,52	   15,49	   2,81	   0,76	   1,3	   0,0003*	  
Left	  height	   14,66	   2,95	   15,51	   3,11	   0,85	   1,3	   <0.0001*	  
Right	  width	   17,42	   2,34	   18,34	   2,37	   0,92	   0,91	   <0.0001*	  
Left	  width	  	   16,84	   2,05	   17,66	   2,35	   0,81	   0,9	   <0.0001*	  
Right	  Condylar	  horizontal	   41,84	   5,78	   41,9	   6,4	   0,06	   2,64	   0,88	  
Left	  Condylar	  Horizontal	   41,8	   5,78	   41,89	   6,41	   0,06	   2.64	   0,88	  
Condylar	  Coronal	   48,23	   5,76	   47,82	   6,59	   -­‐0,41	   3,48	   0,44	  
Right	  Condylar	  Midsagittal	   88,5	   1,14	   88,26	   1,39	   -­‐0,23	   1,53	   0,32	  
Left	  Condylar	  Midsagittal	   88,49	   1,14	   88,26	   1.38	   -­‐1,15	   6,19	   0,22	  
Right	  volume	   1177,29	   338,1	   1294,46	   361,79	   117,2	   142	   <0.0001*	  
Left	  volume	   1162,4	   311,42	   1274,6	   338,44	   112,2	   127,2	   <0.0001*	  
Right	  surface	   739,79	   147,14	   765,64	   161,14	   25,85	   66,86	   0.01*	  
Left	  surface	   766,25	   132,94	   792,69	   148,84	   26,44	   69,47	   0.02*	  
CVM	   2,25	   1,26	   3.68	   1,22	   1,4	   1,04	   <0.001*	  
Table	  3:	  Results	  from	  overall	  sample	  (n=44)	  	  Results	   from	  the	   “growing”	  group	  (n=37,	  diff	  CVM>1)	  showed	  an	   increase	   in	   right	  and	   left	   condylar	   height	   (0.61mm±1.19,	   p=0,0035;	   0.8mm±1.26,	   p=0,0005	  respectively),	  width	  (1.01mm±1.26,	  p<0.0001;	  0.89mm±0.93,	  p<0.0001	  respectively)	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volume	   (117.7mm3±149.3,	   p<0.0001;	   106.7mm3±133.5,	   p<0.0001	   respectively)	   and	  surface	   (30.15mm2±67.63,	   p=0.01,	   27.76mm2±71.21,	   p=0.02)	   after	   rapid	  maxillary	  expansion.	  	  No	  changes	  in	  condylar	  angulation	  and	  mandibular	  rotation	  were	  found.	  (Table	  4)	  	  
	  
T1	  mean	   T1	  SD	   T2	  mean	   T2	  SD	   T2-­‐T1	   SD	   p	  value	  
Mandibular	  plane	  (MPder)	   41,94	   5,74	   41,55	   6,23	   -­‐0,39	   2,46	   0,34	  
Right	  height	   14,41	   2,38	   15,02	   2,62	   0,61	   1,19	   0,0035*	  
Left	  height	   14,39	   2,75	   15,18	   2,83	   0,8	   1,26	   0,0005*	  
Right	  width	   17,51	   2,37	   18,52	   2,4	   1,01	   0,95	   <0.0001*	  
Left	  width	  	   16,98	   2,15	   17,87	   2,46	   0,89	   0,93	   <0.0001*	  
Right	  Condylar	  horizontal	   41,64	   5,79	   41,38	   6,28	   -­‐0,26	   2,37	   0,5	  
Left	  Condylar	  Horizontal	   41,64	   5,79	   41,38	   6,28	   -­‐0,26	   2,37	   0,5	  
Condylar	  Coronal	   48,43	   5,78	   48,26	   6,55	   -­‐0,17	   3,54	   0,77	  
Right	  Condylar	  Midsagittal	   88,51	   1,13	   88,43	   1,33	   -­‐0,09	   1,48	   0,72	  
Left	  Condylar	  Midsagittal	   88,51	   1,13	   88,43	   1,33	   -­‐0,09	   1,49	   0,74	  
Right	  volume	   1154,41	   306,73	   1272,15	   340,39	   117,7	   149,3	   <0.0001*	  
Left	  volume	   1147,42	   301,35	   1254,08	   336,79	   106,7	   133,5	   <0.0001*	  
Right	  surface	   729,4	   136,56	   759,55	   150,68	   30,15	   67,63	   0,01*	  
Left	  surface	   756,08	   134,85	   783,85	   147,01	   27,76	   71,21	   0,02*	  
Table	  4:	  Results	  from	  growing	  sample	  (n=37)	  	  Results	  from	  the	  “non	  growing”	  group	  (n=7,	  diff	  CVM<1)	  showed	  an	  increase	  in	  right	  condylar	   height	   (1.56mm±1.65,	   p=0,046),	   right	   width	   (0.42mm±0.42,	   p=0,04)	   and	  right	   and	   left	   volume	   (114.1mm3±104.3,	   p=0,03;	   141.5mm3±89.1,	   p=0,0057	  respectively)	   after	   rapid	  maxillary	   expansion.	   	   No	   changes	   in	   condylar	   angulation	  and	  mandibular	  rotation	  were	  found.	  (Table	  5)	  	  
	  
T1	  mean	   T1	  SD	   T2	  mean	   T2	  SD	   T2-­‐T1	   SD	   p	  value	  
Mandibular	  plane	  (MPder)	   42,88	   6,07	   44,66	   6,87	   1,78	   3,48	   0,22	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Right	  height	   16,4	   2,74	   18	   2,6	   1,56	   1,65	   0,046*	  
Left	  height	   16,1	   3,72	   17,25	   4,13	   1,15	   1,54	   0,09	  
Right	  width	   17	   2,32	   17,4	   2,06	   0,42	   0,42	   0,04*	  
Left	  width	  	   16,11	   1,3	   16,52	   1,22	   0,4	   0,54	   0,09	  
Right	  Condylar	  horizontal	   42,88	   6,07	   44,66	   6,87	   1,78	   3,48	   0,22	  
Left	  Condylar	  Horizontal	   42,88	   6,07	   42,66	   6,87	   1,78	   3,48	   0,22	  
Condylar	  Coronal	   47,19	   6,01	   45,49	   6,78	   -­‐1,7	   3,52	   0,25	  
Right	  Condylar	  Midsagittal	   88,41	   1,27	   87,36	   1,45	   -­‐1,05	   1,61	   0,14	  
Left	  Condylar	  Midsagittal	   88,41	   1,27	   87,36	   14,82	   -­‐6,81	   14,74	   0,27	  
Right	  volume	   1298,26	   484,21	   1412,37	   42,86	   114,1	   104,3	   0,03*	  
Left	  volume	   1241,6	   376,11	   1383,07	   352,12	   141,5	   89,1	   0,0057*	  
Right	  surface	   794,73	   197,69	   797,87	   220,09	   3,14	   62,32	   0,9	  
Left	  surface	   819,96	   116,39	   839,43	   161,44	   19,47	   63,93	   0,45	  
Table	  5:	  results	  from	  “non-­‐growing	  “sample	  (n=7)	  
	  This	  signifies	  that	  the	  “growing”	  group	  perceives	  a	  statistically	  significant	  change	  in	  condylar	  height,	  width,	  volume	  and	  surface	  area,	  whereas	  the	  ”non-­‐growing”	  group	  perceives	  a	  change	  in	  right	  condylar	  height	  and	  width	  only,	  as	  well	  as	   in	  right	  and	  left	  condylar	  volumes.	  No	  statistically	  significant	  changes	  in	  condylar	  angulation	  and	  mandibular	  plane	  rotation	  were	   found	   in	  either	  of	   the	   three	  groups.	  Moreover,	  no	  difference	   was	   found	   to	   exist	   between	   the	   growing	   and	   “non-­‐growing	   group”	   in	  most	  of	   the	  parameters	  previously	  studied	  other	  than	  for	  the	  right	  condylar	  width	  (mean	  difference	  -­‐0,59mm±0.1476,	  p	  value=0.0148)	  which	  may	  not	  convey	  clinical	  significance	  (Table	  6).	  	  
	  
Mean	  difference	  	   SD	   p	  value	  
Mandibular	  Plane	  (MPder)	   2.1802	   2.6237	   0.1555	  
Right	  height	   0.9455	   1.2638	   0.1890	  
Left	  height	   0.3558	   1.3061	   0.5806	  
Right	  width	   -­‐0,5922	   0.1476	   0.0148*	  
Left	  width	  	   -­‐0,4857	   0.8876	   0.0765	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Right	  Condylar	  horizontal	   2.0470	   2.5590	   0.1782	  
Left	  Condylar	  Horizontal	   2.0462	   2.5592	   0.1784	  
Condylar	  Coronal	   -­‐1,5349	   3.4774	   0.3182	  
Right	  Condylar	  Midsagittal	   -­‐0,9593	   1.5026	   0.1823	  
Left	  Condylar	  Midsagittal	   -­‐0,9666	   1.5040	   0.1793	  
Right	  volume	   -­‐3,634	   143.7	   0.9390	  
Left	  volume	   34.8011	   128.1	   0.4038	  
Right	  surface	   -­‐27,0064	   66.89	   0.3272	  
Left	  surface	   -­‐8,2952	   70.22	   0.7644	  
Table	  6:	  Comparison	  between	  growing	  and	  “non-­‐growing”	  groups	  	  Finally,	  we	   decided	   to	   stratify	   the	   results	   in	   terms	   of	   the	   time	   lapse	   between	   the	  	  subject’s	  pre-­‐	  and	  post	  CBCTs.	  	  Table	  7	  reports	  the	  mean	  differences	  in	  14	  subjects	  having	  pre-­‐	  and	  post	  CBCTs	  taken	  6	  months	  to	  2	  years	  apart.	   	  Table	  8	   reports	  the	  mean	   differences	   in	   30	   subjects	   having	   pre-­‐	   and	   post-­‐CBCTs	   taken	   more	   than	   2	  years	  apart	  (≥	  2	  years	  apart).	  	  Findings	  from	  the	  ≥	  2	  years	  apart	  subgroup	  are	  similar	  than	  the	  overall	  sample	  and	  the	   growing	  group’s	   sample.	  Results	   from	   the	  6	  months	  –	  2	   years	   subgroup	   show	  statistically	  significant	  changes	  in	  mean	  difference	  for	  left	  condylar	  height	  (0.43mm	  ±0.68,	   p=0.03),	   right	   condylar	   width	   (0.53mm±0.68,	   p=0.0033),	   and	   left	   condylar	  volume	  (51.0mm3±73.41,	  p=0.022).	  However,	   those	  results	  do	  not	  seem	  to	  convey	  any	  clinical	  significance.	  
	   Mean	  difference	  	   SD	   p	  value	  Mandibular	  Plane	  (MPder)	   -­‐0,1	   2,05	   0,86	  
Right	  height	   0,37	   1,27	   0,3	  
Left	  height	   0,43	   0,68	   0,0341*	  
Right	  width	   0,53	   0,56	   0,0033*	  
Left	  width	  	   0,38	   0,75	   0,07	  
Right	  Condylar	  horizontal	   0,2	   1,74	   0,68	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Left	  Condylar	  Horizontal	   0,2	   1,74	   0,67	  
Condylar	  Coronal	   -­‐0,14	   1,78	   0,77	  
Right	  Condylar	  Midsagittal	   -­‐0,97	   2,18	   0,12	  
Left	  Condylar	  Midsagittal	   -­‐0,95	   2,19	   0,13	  
Right	  volume	   42,4	   78,62	   0,06	  
Left	  volume	   51	   73,41	   0,022*	  
Right	  surface	   7,48	   47,74	   0,567	  
Left	  surface	   7,11	   47,64	   0,59	  
Table	  7	  mean	  differences	  in	  subjects	  having	  CBCTs	  taken	  6	  months	  to	  2	  years	  apart.	  
(n=14)	  	  
	   Mean	  difference	  	   SD	   p	  value	  Mandibular	  Plane	  (MPder)	   -­‐0,025	   3	   0,96	  
Right	  height	   0,94	   1,3	   0,0004*	  
Left	  height	   1,05	   1,47	   0,0005*	  
Right	  width	   1,09	   0,99	   <0,0001*	  
Left	  width	  	   1,01	   0,9	   <0,0001*	  
Right	  Condylar	  horizontal	   0,000333	   2,99	   0,9995	  
Left	  Condylar	  Horizontal	   0,000333	   2,99	   0,9995	  
Condylar	  Coronal	   -­‐0,53	   4,06	   0,4778	  
Right	  Condylar	  Midsagittal	   0,1	   0,97	   0,5753	  
Left	  Condylar	  Midsagittal	   0,1	   0,97	   0,5753	  
Right	  volume	   152,1	   152,3	   <0,0001*	  
Left	  volume	   140,8	   137,6	   <0,0001*	  
Right	  surface	   34,42	   73,27	   0,0155*	  
Left	  surface	   35,47	   76,63	   0,0169*	  
Table	  8	  mean	  differences	  in	  subjects	  having	  CBCTs	  taken	  more	  than	  2	  years	  apart	  	  
(≥2	  yrs,	  n=30) 	  In	   terms	   of	   the	   morphometric	   analysis,	   we	   found	   no	   statistically	   significant	  differences	   existing	   between	   the	   right	   and	   left	   condylar	   shapes	   before	   and	   after	  RME.	  Pre-­‐	  and	  post-­‐	  left	  and	  pre-­‐	  and	  post-­‐	  right	  condyles	  were	  superimposed	  separately	  using	  a	  generalized	  Procrustes	  analysis.	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The	  Principal	  Component	  Analysis	  (PCA)	  plots	  suggested	  that	  the	  overall	  variation	  among	  the	  subjects	  was	  likely	  much	  greater	  than	  within-­‐individual	  variation	  due	  to	  the	  treatment.	  	  A	  Prinicpal	  Component	  Analysis	  between	  groups	  was	  run	  corresponding	  to	  a	  PCA	  on	  the	   group	  mean	   configurations.	   The	   results	  were	   similar	   to	   the	   traditional	   PCA	   in	  that	   there	   was	   significant	   overlap	   between	   the	   left	   and	   right	   groups.	   This	   would	  again	   suggest	   that	   there	   aren’t	   any	   statistically	   significant	   differences	   in	   condylar	  shape	  caused	  by	  Rapid	  Maxillary	  Expansion	  (Image	  8)	  
	  
Image	  8:	  Both	  group	  Principal	  Component	  Analysis	  (PCA)	  
	  	  We	   also	   ran	   a	   Canonical	   Variates	   Analysis	   (CVA)	   which	   evaluates	   the	   difference	  between	  the	  2	  groups	  in	  terms	  of	  shape	  changes	  associated	  with	  treatment.	  Results	  showed	  that	  there	  appears	  to	  be	  an	  anterior	  projection	  of	  the	  medial	  portion	  of	  the	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right	   and	   left	   condyles	   and	   a	   posterior	   projection	   of	   the	   lateral	   portion	   of	   both	  condyles.	  This	   is	  more	  distinct	   in	  the	  right	  condyle	  than	  the	   left,	  but	  the	  pattern	  is	  still	  present	  and	  almost	  looks	  as	  if	  the	  condyles	  are	  rotated	  outward	  (Image	  9).	  
	   	  
Image	  9:	  Canonical	  Variate	  Analysis	  (CVA)	  :	  superior	  view	  of	  (a)	  the	  right	  condyle	  and	  
(b)	  the	  left	  condyle.	  
	  However,	   the	  Discriminant	   Function	  Analysis	   (DFA)	   of	   the	   right	   and	   left	   condyles	  failed	   to	  show	  statistically	  significant	  differences	  between	  10	  000	  permutations	  of	  the	  data	  (p=1.0,	  p=0.8308	  respectively).	  	  We	   can	   therefore	   conclude	   that	   alterations	   in	   right	   condylar	   height	   and	  width	   as	  well	  as	  alterations	  in	  right	  and	  left	  condylar	  volumes	  occur	  after	  RME	  and	  that	  these	  changes	  are	  not	  due	  to	  growth.	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DISCUSSION	  
Condylar	  changes	  after	  Rapid	  Maxillary	  Expansion	  have	  been	  widely	  studied	  using	  2D	  imaging	  2-­‐23-­‐24	  and	  have	  only	  recently	  been	  examined	  with	  3D	  imaging.3-­‐5-­‐25-­‐26-­‐27	  	  
It	   was	   previously	   reported	   that	   RME	   produces	   a	   downward	   and	   backward	  displacement	   of	   Menton	   point14	   (1.90mm	   and	   1.50mm	   respectively)	   immediately	  after	  RME.	  However,	   those	   results	   are	  only	   found	   to	  be	   true	  on	   the	   short	   term	   (<	  6months).	  Indeed,	  Lagravère	  et	  al17	  demonstrated	  through	  a	  meta-­‐analysis	  that	  long	  term	  changes	  induced	  post-­‐RME	  were	  mostly	  skeletal	  and	  dental	   in	  the	  transverse	  dimension	   and	   that	   “only	   a	   few	   non-­‐statistically	   significant	   and	   non-­‐clinically	  significant	   changes	  were	   found	   on	   the	   vertical	   and	   antero-­‐posterior	   planes”.	   This	  was	  also	   found	   to	  be	   true	   in	  our	   study	  as	  no	  statistically	   significant	   changes	  were	  discovered	  between	  the	  pre-­‐	  and	  the	  post-­‐	  mandibular	  plane	  angles.	  
Changes	   in	  condylar	  angulation	  followed	  the	  same	  pattern:	   it	  has	  been	  shown	  that	  only	   short	   term	   anterior	   and	   inferior	   condylar	   movements	   were	   perceived	  immediately	   after	   RME	   (0.52mm	   and	   	   0.49mm	   respectively)15.	   However,	   it	   was	  found	   that	   3	   years	  post	  RME,	  no	   change	  was	   reported	   in	   the	  mandibular	  position	  other	  than	  the	  ones	  expected	  by	  growth11	  and	  that	  the	  condyles	  appeared	  to	  be	  in	  similar	  positions	  on	  both	  sides	  after	  treatment2.	  This	  was	  also	  discovered	  to	  be	  true	  in	   our	   study	   as	   no	   statistically	   significant	   angular	   changes	   in	   all	   three	   Condylar	  Orientation	  Planes	  (COP)	  was	  established	  after	  RME.	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It	  is	  not	  clear	  what	  causes	  the	  unilateral	  increase	  in	  condylar	  height	  and	  width	  after	  RME	  and	  how	  it	  occurs.	  Indeed,	  numerous	  previous	  studies	  have	  described	  the	  low	  reliability	  level	  of	  points	  placed	  on	  the	  condyles28-­‐29.	  To	  account	  for	  this	  and	  in	  order	  to	  minimize	  our	  errors,	  we	  marked	  and	   identified	   the	   condylar	  points	  on	  a	   three-­‐dimensional	  condylar	  reconstruction	  while	  making	  sure	   to	  check	   their	  position	  on	  multi-­‐planar	   views.	   The	   extent	   to	   which	   the	   right	   condylar	   height	   and	   width	  increase	  significantly	  more	  than	  the	  left	  condylar	  height	  and	  width	  post-­‐	  RME	  may	  be	   due	   to	   various	   reasons.	   The	   first	   hypothesis	   could	   be	   a	   unilateral	   landmark	  identification	  error,	  just	  as	  mentioned	  above28-­‐29	  .	  	  We	  also	  have	  to	  keep	  in	  mind	  that	  in	   order	   to	   properly	   isolate	   the	   condyles	   using	   Mimics	   (Materialise,	   Leuven)	  software,	  we	  had	  to	  manually	   threshold,	  add	  and	  remove	  pixels	   from	  the	  subject’s	  condyles	   in	   order	   to	   obtain	   adequate	   clean	   images.	   This	   process	   could	  potentially	  have	  introduced	  human	  error	  which	  may	  have	  skewed	  not	  only	  on	  our	  3D	  findings	  but	  also	  on	  our	  shape	  analysis	  results.	  However,	  for	  reliability	  purposes,	  we	  had	  the	  same	   principal	   investigator	   isolate	   all	   the	   pre-­‐	   and	   post-­‐CBCTs.	   The	   second	  hypothesis	  could	  be	  that	  the	  subject’s	  mandible	  grows	  asymmetrically	  due	  to	  teeth	  being	   relieved	   from	   their	   initial	   localized	   posterior	   crossbite.	   Indeed,	   it	   has	   been	  shown	  that	  posterior	  crossbites	  have	  significantly	  negative	  effects	  on	  the	  growth	  of	  jaws.30-­‐31	   Asymmetrical	   activity	   and	   function	   of	   the	   jaws	   and	  muscles	   in	   patients	  with	  posterior	  crossbite	  were	  shown	  to	  enhance	  differences	  in	  development	  of	  the	  right	   and	   the	   left	   sides	   of	   the	   mandible32.	   This	   could	   therefore	   explain	   that	   the	  condyles	  on	  the	  side	  of	  the	  localized	  posterior	  crossbite	  may	  be	  affected	  by	  getting	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less	   growth	   than	   expected	   in	   subjects	  without	   localized	   posterior	   crossbites.	   This	  statement	   only	   relates	   to	   a	   certain	   extent	   to	   our	   findings	   considering	  most	   of	   the	  subjects	  from	  our	  “non	  growing”	  group	  did	  not	  present	  pre-­‐treatment	  crossbites.	  In	  fact,	   out	   of	   7	   “non	   growing”	   subjects	   ;	   3	   presented	  no	  pre-­‐treatment	   crossbites,	   2	  presented	   a	   right	   posterior	   crossbite,	   1	   presented	   a	   bilateral	   crossbite	   and	   1	  presented	  a	  left	  crossbite.	  Therefore,	  although	  most	  subjects	  (n=3)	  did	  not	  present	  any	  crossbite	  before	  treatment,	  we	  can	  argue	  that	  the	  “non	  growing”	  group	  sample	  size	   is	   too	  small	   to	  accept	  or	  reject	   this	  hypothesis.	  Finally,	   the	   third	  hypothesis	   is	  that	   no	   human	   is	   symmetrical	   and	   therefore,	   asymmetric	   condylar	   growth	   may	  occur	   in	   asymptomatic	   healthy	   individuals33.	   Indeed,	   it	   was	   demonstrated	   that	  “healthy	   young	   subjects	   generally	   have	   a	   statistically	   significant	   mandibular	  asymmetry”	  which	  does	  not	  happen	  to	  have	  clinical	  relevance.	  	  
As	   far	   as	   the	   morphometric	   results	   go,	   no	   statistically	   significant	   shape	   changes	  were	   reported	   after	   RME.	   This	   could	   be	   largely	   due	   to	   the	   limited	   sample	   size	  included	  in	  our	  shape	  analysis	  (n=14).	  Moreover,	  and	  as	  stated	  before,	  since	  the	  STL	  images	   used	   for	   the	   shape	   analysis	   were	   exported	   from	   Mimics	   software	  (Materialise,	  Leuven)	  where	  they	  had	  been	  previously	  manually	  thresholded,	  it	  may	  explain	   the	   results.	   Indeed,	   the	   primary	   investigator	  may	   have	   introduced	   human	  error	   during	   this	   process	   which	   may	   have	   been	   transferred	   onto	   Checkpoint	  (Stratovan,	  Davis)	  and	  	  the	  rest	  of	  the	  shape	  analysis.	  
Another	  one	  of	  our	  variables	  that	  is	  strongly	  intertwined	  with	  the	  subject’s	  growth	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is	   the	   condylar	   volumetric	   changes.	   Indeed,	   we	   detected	   a	   statistically	   significant	  increase	   and	   right	   and	   left	   condylar	   volumes	   after	   RME.	   	   However,	   even	   if	   the	  difference	  between	  pre-­‐	  and	  post-­‐	  CVM	  were	  analyzed	  as	  being	  <1,	  we	  came	  to	  the	  realization	   that	   there	   is	   always	   some	  growth	   to	   be	   expected	   in	   the	   subject	  within	  our	  age	  group	  (n=7,	  mean	  age=	  11.73	  years±2.69),	  with	  a	  average	  time	  range	  of	  20.8	  months±10.3	  between	  pre-­‐	  and	  post-­‐	  CBCTs.	  
Another	  intrinsic	  flaw	  related	  to	  our	  study	  (which	  may	  explain	  the	  results	  obtained)	  has	   to	   do	   with	   the	   data.	   Indeed,	   after	   running	   our	   very	   first	   analysis	   on	   the	   44	  original	  subjects,	  we	  realized	  that	  the	  results	  were	  skewed	  due	  to	  a	  large	  time	  range	  existing	  between	  the	  pre-­‐	  and	  the	  post-­‐	  CBCT.	  In	  the	  overall	  sample,	  pre-­‐	  and	  post-­‐CBCT	   time	   ranged	   between	   0.7	   to	   4.7	   years	   with	   an	   average	   time=	   2.4y	   ±	   0.97.	  However,	  investigators	  have	  reported	  that	  the	  average	  ages	  at	  the	  peak	  of	  pubertal	  growth	  in	  stature	  are	  about	  12	  and	  14	  years	  in	  boys	  and	  10	  and	  12	  years	  in	  girls.34-­‐
35-­‐36	   This	   is	  what	   lead	   us	   to	   decide	   to	   run	   a	   stratified	   analysis	   to	   account	   for	   the	  subject’s	  growth. 
 We	   consequently	   ran	   paired	   t-­‐tests	   on	   both	   thirty-­‐seven	   “growing”	   subjects	   and	  seven	  “non	  growing”	  subjects	  (CVM	  difference	  <1).	  Our	  issue	  at	  this	  stage	  was	  that	  the	  “non	  growing”	  group	  was	  only	  comprised	  of	  seven	  subjects	  -­‐	  making	  our	  results	  questionable.	   Indeed,	   the	   power	   analysis	   we	   had	   ran	   before	   starting	   the	   data	  collection	  stipulated	  that	  we	  needed	  around	  forty-­‐four	  subjects	  for	  the	  study	  to	  be	  representative	  to	  the	  general	  population.	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To	  eliminate	  any	  further	  bias,	  we	  recently	  decided	  to	  later	  enroll	  forty-­‐four	  subjects	  who	  had	  never	  undergone	  RME	  (“control	  group”).	  Condylar	  shape,	  volume,	  surface	  and	  angulation,	   as	  well	   as	  mandibular	  plane	   angle	  will	   be	   analyzed	   the	   same	  way	  our	  forty-­‐four	  RME	  treated	  subjects	  were	  and	  comparisons	  between	  the	  RME	  group	  and	  the	  control	  group	  will	  be	  done	  in	  order	  to	  assess	  the	  role	  of	  growth	  in	  our	  initial	  findings.	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CONCLUSION	  
We	   initially	   hypothesized	   that	   no	   meaningful	   differences	   exist	   between	   condylar	  volume,	   shape,	   height,	   width	   and	   angulation	   before	   and	   after	   rapid	   maxillary	  expansion	  and	  that	  statistically	  significant	  differences	  exist	  between	  pre-­‐	  and	  post-­‐expansion	  mandibular	  plane	  angles.	  
However,	  our	  study	  showed	  that	  Rapid	  Maxillary	  Expansion	  gives	  rise	  to	  an	  increase	  in	  right	  condylar	  height	  and	  width	  as	  well	  as	  an	  increase	  in	  right	  and	  left	  condylar	  volumes.	  No	  statistically	   significant	  effect	  on	  condylar	  orientation	  and	  mandibular	  plane	   was	   found.	   	   We	   therefore	   reject	   the	   Null	   Hypothesis	   that	   no	   meaningful	  differences	  exist	  between	  condylar	  height	  and	  width	  on	   the	  right	  side	  and	  volume	  on	  both	  sides	  after	  RME.	  We	  however	  fail	  to	  reject	  the	  Null	  Hypothesis	  in	  terms	  of	  changes	   in	   left	   condylar	   shape,	   height	   and	   width,	   mandibular	   plane	   angle	   and	  condylar	  angulation	  after	  RME.	  
Growth	   still	   remains	   to	   be	   studied	   and	   evaluated	   as	   a	   potential	   cofounding	   factor	  that	  affected	  the	  results	  of	  our	  study.	  Future	  enrollment	  of	  a	  “control	  group”	  will	  be	  required	  to	  either	  validate	  or	  eliminate	  the	  effects	  of	  growth	  in	  our	  current	  findings.	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